The adsorption of CO on the Pt(111) surface in a ( √ 3× √ 3) pattern has been studied with the gradient corrected functional of Perdew and Wang and the B3LYP hybrid functional. A slab which is periodic in two dimensions is used to model the system. The Perdew-Wang functional incorrectly gives the fcc site as the most favorable adsorption site, in accord with a set of previous studies. The B3LYP functional gives the top site as the preferred site. This confirms results from cluster studies where it was suggested that the different splitting, dependent on the functional, between highest occupied and lowest unoccupied molecular orbital, could be the reason for this change of the adsorption site. This is supported by an analysis based on the projected density of states and the Mulliken population.
Introduction
The adsorption of CO on the Pt(111) surface is of enormous importance in materials science, because of the high economical and environmental implications. This process is not at all simple and still poses challenges to experimentalists and theoreticians. Especially the question of the site which is occupied by the CO molecule has triggered a huge interest in the community of those performing ab-initio calculations.
Experimentally, it is well established that the top site is occupied at this coverage, and there is also a minority of bridge sites occupied (see, e.g., reference [1, 2] , with low energy electron diffraction and electron-energy-loss spectroscopy, reflection-absorption spectroscopy [3] or the scanning tunneling microscopy experiments [4] which were interpreted [5] in such a way that they should display CO in top and bridge sites).
First principles density functional calculations, however, lead to a different result: as was summarized in reference [6] , well converged calculations favor the high coordination sites, and they found that the fcc (face centered cubic) hollow site was lowest in energy. This was obtained with local-density or generalized gradient exchange correlation potentials, and with various codes. No conclusive reason for this failure of the density functional calculations could be given. The article initiated further studies, and in some of them, the top site was found to be lowest in energy: it was argued that the inclusion of relativistic effects should lead to the correct adsorption site [7, 8] . Others [9] confirmed the wrong site preference with the top site higher in energy, although a relativistic pseudopotential was used. They argued that the failure was because different bond orders were treated with varying accuracy due to the generalized gradient approximation. A similar argument was that the error could be due to the incorrect description of the HOMO-LUMO gap (difference between highest occupied and lowest unoccupied molecular orbital), due to the functional employed [10, 11] , and the different occupancy of the orbitals, depending on the adsorption site. This analysis was based on cluster calculations and calculations with a gradient corrected functional for the periodic system. The authors suggested to use hybrid functionals [10] or methods such as LDA+U [11] to obtain a better description of the HOMO-LUMO gap.
Therefore, there are several reasons to study this system: Most important is that the code used allows to employ hybrid functionals for periodic systems so that the impact of these functionals, which include Fock exchange, can be tested. It thus makes it possible to test the suggestion [10] that hybrid functionals might lead to a preference of the top site. Note that this suggestion was based on a cluster model, and only by an extrapolation it could be argued that the top site would be preferred with a hybrid functional. It is therefore interesting to perform calculations on the periodic system and thus to remove the necessity of a cluster approximation and the extrapolation. As a side effect, the approach used here is based on local orbitals instead of plane waves, so that a somewhat different technique is used, and a comparison with the plane wave results for the slab calculations with the gradient corrected functional is possible.
The article is structured as follows: after defining the computational parameters and the slab model used, Pt bulk, the clean Pt(111) surface, and the CO adsorption on the Pt(111) surface are studied. This is done with a gradient corrected and a hybrid functional, for comparison. The focus is on the coverage of one third of a monolayer, in a ( √ 3 × √ 3) adsorption pattern. Finally, the results are discussed and summarized.
Computational Parameters

Basis set and Method
A local basis set formalism was used where the basis functions are Gaussian type orbitals centered at the atoms as implemented in the code CRYSTAL03 [12] . For Pt in the slab models, a scalar-relativistic pseudopotential with 18 valence electrons was used [13] . The innermost [2s3p1d] basis functions were kept fixed as in the original basis set [13] , in addition one more s-shell (exponent 0.59), one sp-shell (exponent 0.11) and one d-shell (exponent 0.167) were optimized, resulting in a [4s4p2d] basis set as a whole. For the calculations on the free Pt atom, which are necessary to compute the bulk cohesive energy, the original Pt basis set was used [13] . For carbon, the basis set from reference [14] was chosen, with the outermost sp-shell (0.26) replaced by two sp-shells (0.40, 0.20), i.e.
[4s3p1d] as a whole. Finally, the oxygen basis set from reference [15] was chosen, with outermost sp-exponents 0.5, 0.25, 0.1 (instead of 0.45, 0.15) and one d-exponent (0.8), i.e. [5s4p1d]. The basis sets are displayed in table 1. The numerical integration of the density functional energy was performed on a grid, without fitting the potential with the help of an auxiliary basis set as it had to be done with the CRYSTAL98 code.
Two functionals were used: the gradient corrected functional of Perdew and Wang (PW91) [16] , and the hybrid functional B3LYP. The CRYSTAL03 code [12] was used for all the calculations, except for the calculations of the free Pt atom where the Molpro2002 code [17] was used.
Slab model
The adsorption was modeled by using a five-layer platinum slab with the platinum atoms arranged as in the face-centered cubic lattice, at the PW91 (and B3LYP)-optimized bulk Pt lattice constant of 4.01Å (and 4.05Å). CO was adsorbed on one side of this slab, vertical to the (111) surface. A supercell approach with a ( √ 3 × √ 3) adsorption pattern as in the experiment was used. This slab was not repeated in the third dimension so that the model is truly two-dimensional (see figure 1 ).
Four adsorption sites were considered (see figure 2) : the top adsorption site with CO sitting vertically above a platinum atom in the top layer, the bridge site with CO sitting above the middle of two Pt atoms in the top layer, and two different threefold hollow sites where the CO molecule is placed vertically above a platinum atom in the second (third) platinum layer. The first of the threefold hollow sites is referred to as the hcp (hexagonal close-packed) hollow site because the CO molecule is vertically above a platinum atom in the second Pt layer. The second of the threefold hollow sites is referred to as the fcc hollow site because the CO molecule is vertically above third layer Pt atoms.
For comparison, the vertical relaxation of the platinum atoms was simulated in two different ways for the top site: simulations were performed where only a uniform relaxation of the top platinum layer was possible, and simulations where a different vertical relaxation for the platinum atoms in the top layer was possible (i.e. substrate rumpling). This was done for the top site where this effect is expected to be most important [18, 19] . This led however, to only a very small change in the binding energy and is thus negligible. Also, for the hcp site, a possible second layer rumpling was considered, i.e. the Pt atom vertically under the CO molecule in the second Pt layer was allowed to relax. This led to an even smaller change and thus is also considered negligible.
A k-point sampling net of the size 16 × 16 × 16 for the bulk and 16 × 16 for the surfaces was used. The Fermi function was smeared with a temperature of 0.01 E h (1E h =27.2114 eV) to make the integration numerically more stable.
Pt bulk and (111) surface
The results for Pt bulk and the Pt(111) surface are summarized in tables 2 and 3. The lattice constant is slightly overestimated with both functionals. The cohesive energy (with respect to the free atom in its d 9 s 1 ground state) is slightly underestimated with the PW91 functional, and even more with the B3LYP functional. The fact that B3LYP underbinds can be attributed to the admixture of Fock exchange, and the fact that Hartree-Fock usually underbinds, especially for metals. This was already observed, for example, in B3LYP calculations for silver [20] .
The Pt(111) surface relaxes outwards, which is different from other metals, for example copper or silver. This is, however, consistent with the finding that the Mulliken charge is slightly larger in the outermost layer (78.05 |e|, i.e. -0.05 |e). This is in contrast to Cu(111) and Ag(111), which relax slightly inwards, and where the Mulliken charge is slightly positive in the outermost layer (copper [21] : 28.97 |e|, i.e. +0.03 |e|; silver [22] : 46.98 |e|, i.e. +0.02 |e|). Thus, if the atoms were considered as spheres with a radius dependent on the charge, then the outwards relaxation of Pt (and inwards relaxation of Cu and Ag) would be consistent with the Mulliken charge.
CO adsorption
The results of the optimizations of the CO adsorption on the Pt(111) surface are displayed in table 4. First, we note that the PW91 functional gives the wrong site preference: in agreement with most of the previous studies, the fcc hollow site is preferred, by 0.0037 E h , when comparing to the top site. This result is in good agreement with previous calculations [6] where it was computed to be 0.10 or 0.23 eV (0.0037 E h or 0.0085 E h ), depending on the method and code used. Thus, with the scalar-relativistic pseudopotential used in the present study, it could not be confirmed that relativistic effects should change the site preference. The order of the sites is fcc, hcp, bridge, top, i.e. a higher coordination number is favorable, however, the energy splitting is not too large. In all cases, the outermost Pt layer relaxes slightly outwards by 0.06 -0.08Å. In the case of the top site, an additional vertical rumpling was allowed, i.e. the Pt atom vertically below the CO molecule was allowed to relax different than the other two Pt atoms in the top layer. This led, however, to only a marginal change: instead of 0.06Å like the other two atoms, this third atom relaxed outwards by 0.08Å. The energy was lowered by 0.0003 E h , i.e. this did not influence the site preference. Also, for the hcp site, the Pt atom in the second layer vertically under the CO was allowed to relax differently (the Pt atoms in the first layer are fixed by symmetry). However, this also resulted in a minor change only (by 0.004Å, away from CO, i.e. downwards), and the energy did virtually not change. Therefore, in the B3LYP study (which is more time consuming than PW91), only a uniform relaxation of the top layer was performed.
In the following, the B3LYP results are summarized. In the case of this hybrid functional, the top site has become the preferred site: it is now lowest in energy, the fcc site is higher by 0.0016 E h , the bridge site by 0.0025 E h , and the hcp site by 0.0037 E h . The order of the sites is now top, fcc, bridge, hcp, i.e. the lower coordination sites are more favorable in B3LYP than in PW91.
It was argued that the difference between PW91 and B3LYP was the higher HOMO-LUMO gap which should lead to different binding energies, depending on the site [10, 11] . According to the Blyholder model [23] , it is thought that the CO 5σ orbital donates charge to the Pt surface, and charge is back donated to the 2π * orbital. Thus the HOMO-LUMO gap, and the position of the HOMO and LUMO with respect to the Fermi energy, are the quantity to look at. For the fcc site, the back donation is larger than for the top site ( [10] and this work). The HOMO-LUMO gap is smaller in PW91, and HOMO and LUMO are closer to the Fermi energy in PW91. Thus donation and back donation is energetically more favorable with the PW91 functional, and less favorable with the B3LYP functional where the gap is larger and HOMO and LUMO are lower and higher with respect to the Fermi energy. This argument was presented in reference [10] and would explain that the high coordinated sites with a larger back donation are preferred in PW91, but not in B3LYP.
The aforementioned analysis [10] was based on a molecular system, and for the largest cluster considered with the B3LYP functional (Pt 18 -CO), the fcc site was still more favorable than the top site, although the energy difference between fcc and top site was smaller than with the PW91 functional. By means of an extrapolation, using the PW91 data as a function of the cluster size and PW91 calculations for a slab model, the authors argued that in the limit of a very large cluster or a slab, B3LYP should favor the top site. It is therefore very interesting to study this system with a periodic code and thus to test this extrapolation. Computing the Fock exchange seems still to be easier with codes based on Gaussian type orbitals and not with plane wave codes, and therefore the CRYSTAL03 code is probably the method of choice for this system. In figure 3 , the density of states (DOS) of the CO overlayer is displayed for the top site and the fcc site, with PW91 and B3LYP, and the orbital projected density of states is displayed in figures 4 and 5, for the top site and both functionals. The gap between the peaks in occupied and unoccupied states is clearly larger with the B3LYP functional, in agreement with the cluster study [10] . For example, for the top site, the gap between the peak in the DOS closest to the Fermi energy, and the first peak above the Fermi energy is about 0.48 E h in B3LYP, but only 0.38E h in PW91, i.e. the gap is larger by about 0.1 E h in B3LYP. In reference [10] , the gap between 5σ and 2π * orbital was determined to be 6.8 eV (0.25 E h ) in PW91, and 9.5 eV (0.35 E h ) in B3LYP, for an isolated CO molecule. In the present study, the gaps are 0.42 E h in PW91, and 0.51 E h in B3LYP, for the CO molecule adsorbed on the platinum surface, at the top site (the 5σ orbital corresponds to the second peak below the Fermi energy). Thus the argument from the cluster studies [10] can essentially be transferred to the periodic systems. In line with this argument is not only the top site, but also the bridge site, which is more favorable in B3LYP than in PW91, relative to the other sites. This is due to the fact that there is less donation in the case of the bridge site, compared to the threefold hollow sites, but more back donation when compared to the top site.
Another interesting property to look at is the Mulliken population, displayed in table 5, which can be interpreted as the orbital projected densities of states, integrated up to the Fermi level (although the calculation is in fact done in a different, much easier way).
Concerning the total charges, the main difference is that the carbon charge is reduced for the bridge site (mainly less of s + p z population), and even more for the top site (like bridge less s + p z , and in addition less p x + p y population). As a whole, the threefold coordinated sites (fcc and hcp) have a higher charge on CO (∼ 0.3-0.4 |e|), the bridge site slightly less (∼ 0.2 |e|), and the top site has the lowest charge (∼ 0.04-0.05 |e|).
The total charge on the CO molecule is slightly larger (by about 0.02 |e|) in PW91, compared to B3LYP. This is mainly due to the sum of the charges in the p x and p y orbitals which are for all sites smaller in B3LYP than in PW91. For the top site, in addition the charge in the s and p z orbitals is larger in B3LYP than in PW91. This is consistent with the reason mentioned above: it is easier to put charge in the 2π * orbital of the CO molecule in the case of the PW91 functional where the peaks of the unoccupied states are closer to the Fermi energy. Also, the peaks of the occupied states are slightly more stabilized in B3LYP than in PW91. In the Blyholder model this means that donation from the 5σ orbital is energetically more favorable with the PW91 functional, and also back donation to the 2π * orbital is more favorable with PW91. The populations are in good agreement with the numbers obtained with a Pt 18 -CO cluster model [10] .
The process of donation and back donation becomes also evident when the orbital charges of the adsorbed CO are compared with the corresponding charges of the free CO: the charge in s and p z orbitals is reduced, and the charge of p x and p y orbitals increases, consistent with the Blyholder model.
We can compare the computed binding energy with the experimental results: at zero coverage, the initial adsorption energy was measured to be in the range from 1.04 to 1.78 eV (0.038 to 0.065 E h ), and a decrease of the adsorption energy of the order of 0.1 -0.2 eV (0.0037 -0.0074 E h ) was obtained for a coverage of one third (reference [24] and references therein). This is in good agreement with the data computed here, which is in the range of 0.0531 E h (top, B3LYP) to 0.0639 E h (fcc, PW91). The energy barrier between top and bridge site was experimentally measured to be in the range of 0.041 ±0.007 eV (0.0015 ±0.0003 E h ) [24] which is in reasonable agreement with the order of magnitude found with the B3LYP functional in this work: the splitting between top and bridge site is 0.0025 E h in B3LYP, but 0.0013 E h with the opposite sign in PW91.
There seems to be no experimental data for the geometry of the ( √ 3 × √ 3) structure available. However, there is data from the c(4×2) structure where also top and bridge site are occupied [25] . The measured bond lengths are 1.85 ± 0.01Å for the top site and 2.08 ± 0.07Å for the bridge site. The carbonoxygen bond length was determined to be 1.15±0.05Å. These results are in good agreement with the results computed here where the C-Pt bond length is 1.87Å (PW91) or 1.86Å (B3LYP) for the top site, and 2.06Å (PW91) or 2.05Å (B3LYP) for the bridge site; and the computed C-O bond length is also in agreement: 1.16 (PW91) or 1.15Å (B3LYP) for the top site, and 1.18 A (PW91) and 1.17Å (B3LYP) for the bridge site.
Summary
The adsorption of CO on the Pt(111) surface was studied with the gradient corrected PW91 functional, and the hybrid functional B3LYP. A scalarrelativistic pseudopotential was used for platinum in all the studies. The adsorbate system was modeled with a slab periodic in two dimensions.
The PW91 results confirm earlier findings [6] : the fcc site is preferred compared to the top site, which is in disagreement with the experiment (the computed order was fcc, hcp, bridge, top; whereas in the experiment the top site is favored, and a minority occupancy of the bridge site was observed). The B3LYP results favor the top site, and the bridge site gets also in the range of the threefold hollow sites, so that the order is top, fcc, bridge, hcp.
An explanation based on earlier cluster studies [10] is adopted, and supported with the help of the projected density of states and the Mulliken population: in the case of the fcc site, the 2π * orbital has a larger occupancy than in the case of the top site. When considering an isolated molecule, this orbital is higher in energy relative to the highest occupied orbital, when the B3LYP functional is used, compared to the PW91 functional. Similarly, for the periodic system, it is found that the peak in the density of states corresponding to this orbital is higher above the Fermi energy in B3LYP, and the peaks corresponding to the occupied orbitals (especially the important 5σ orbital) are lower below the Fermi energy in B3LYP than in PW91. As a whole, PW91 will thus more favor donation from the 5σ orbital and back donation to the 2π * orbital (the Blyholder model). This mechanism is more important for the threefold hollow sites, and thus PW91 favors these sites. B3LYP, instead, does not support this mechanism so strongly which leads to the finding that the top site is most favorable and also the bridge site gets in the range of the threefold hollow sites. This argument, which was initially based on cluster calculations and an extrapolation [10] , is now confirmed with periodic calculations. Although the experimental result is not fully confirmed (top and minor bridge occupation), there seems to be evidence that hybrid functionals are better able to describe the bonding of CO to the Pt(111) surface.
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